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Uniform  and  ultralong  silver  nanorods  are  synthesized  with  a  wet  chemical  reduction  method  by  using 
PVP  as  a  stabilizer.  The  crystal  structure  and  morphology  of  the  synthesized  nanorods  are  characterized 
with  transmission  electron  microscopy  (TEM),  powder  X-ray  diffraction  (XRD)  and  UV-vis  absorption 
spectroscopy.  The  electrocatalytic  activity  of  the  Ag  nanorods  with  and  without  PVP  stabilizer,  towards 
oxygen  reduction  reaction  (ORR),  is  studied  and  compared  by  cyclic  voltammetry  (CV)  and  rotating  disk 
electrode  (RDE)  measurements  in  alkaline  solution.  Compared  to  the  low  current  density  and  incom¬ 
plete  two-electron  reaction  process  of  ORR  with  PVP-protected  Ag  nanorods,  the  catalytic  activity  of  the 
Ag  nanorods  with  removal  of  the  PVP  is  found  to  be  enhanced  remarkably  with  much  higher  oxygen 
reduction  current  density  and  the  most  efficient  four-electron  process. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  liquid  fuel  cells,  powered  by  hydrogen  or  small  molecules 
including  methanol,  formic  acid,  have  attracted  much  attention 
as  a  potential  efficient  energy  source  with  high  energy  perfor¬ 
mance,  low  air  pollution  and  low  operating  temperature  [1].  To 
achieve  the  high  current  density  and  low  over-potential  needed  for 
the  practical  commercial  application,  Pt,  Pd  and  their  alloys  have 
been  examined  extensively  as  electro-catalysts  for  the  fuels  oxi¬ 
dation  on  anode  and  for  oxygen  reduction  on  cathode  [2,3].  Over 
the  past  decades,  studies  on  designing  of  new  nanostructures  such 
as  shape-controlled  nanoparticles,  nanorod,  and  nanowire  with 
unique  catalytic  properties  have  been  widely  studied  as  electrocat¬ 
alysts  for  fuel  cells  [4,5].  However,  due  to  the  high  cost  and  limited 
reserves  of  platinum-group  metals  (Pt,  Pd),  numerous  studies  have 
focused  on  the  non-platinum  electrocatalysts  such  as  transition 
metal  oxides  [6-8],  transition  metal  sulfides  [9],  transition  metal 
macrocyclic  complexes  [10,11],  and  metal-containing  porphyrin 
systems  [12]. 

Bulk  gold  and  silver  attract  little  attention  as  cathode  electro¬ 
catalysts  due  to  the  poor  catalytic  activity  compared  to  the  Pt-  and 
Pd-based  materials.  The  poor  activity  of  coin  metals  ( Au,  Ag  and  Cu) 
is  usually  attributed  to  its  filled  d  bands,  resulting  in  the  higher  acti¬ 
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vation  barriers  than  those  created  for  other  transition  metals  with 
only  partially  filled  d  bands  [13,14].  However,  gold  clusters  were 
found  to  be  highly  reactive  at  room  temperature  and  the  reactivity 
depends  on  the  electrical  charge  (positive,  neutral  or  negative)  and 
the  atomic  number  of  clusters  [13].  For  instance,  highly  dispersed 
gold  nanoparticles  display  unexpectedly  high  catalytic  activities 
in  many  important  chemical  reactions  such  as  hydrogenation  of 
acrolein  [15],  selective  hydrosilylation  [16],  cyclopropanation  of 
alkenes  [17],  low  temperature  CO  and  H2  oxidation  [18],  and  NO 
reduction  [19].  More  recently,  Herzing  et  al.  [20]  observed  high  cat¬ 
alytic  activity  in  CO  oxidation  with  gold  clusters  containing  only 
~10  gold  atoms  (~0.5nm  in  diameter).  In  electrocatalysis  stud¬ 
ies  [21],  a  series  of  gold  nanoclusters  with  core  size  smaller  than 
2  nm  (0.8-1. 7  nm)  were  synthesized  and  the  electrocatalytic  activ¬ 
ity  towards  oxygen  reduction  was  investigated  in  alkaline  media  to 
evaluate  the  size  effect  on  the  electrocatalytic  activity.  It  was  found 
that  the  sub-nanometer  sized  Au  particles  exhibited  high  activity 
for  oxygen  reduction  and  the  electrocatalytic  activity  of  Au  cluster 
for  oxygen  reduction  is  strongly  dependent  on  the  core  size  of  the 
clusters. 

Recently,  silver  nanoparticles  were  also  studied  as  cathode  elec¬ 
trocatalysts  for  oxygen  or  hydrogen  peroxide  reduction  [22-25]. 
It  was  found  that  the  oxygen  reduction  reaction  (ORR)  with  the 
Ag  island  has  the  efficient  four-electron  reduction  of  adsorbed 
oxygen  to  water  [22].  In  the  study  of  peroxide  reduction  at  sil¬ 
ver  nanoparticle  array,  the  catalytic  performance  varies  with  the 
diameter  of  the  Ag  nanoparticles  [25].  The  unusual  catalytic  activ- 
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Fig.  1.  (A)  Transmission  electron  micrograph  (TEM),  (B)  UV-vis  absorption  spectrum  and  (C)  X-ray  diffraction  (XRD)  of  the  synthesized  silver  nanorods.  In  UV-vis  spectrum 
collection,  ~0.1  mgmL-1  silver  nanorods  were  dispersed  in  pure  water.  For  comparison,  the  Joint  Committee  Powder  Diffraction  Standard  (JCPDS)  No.  04-0783  of  silver  was 
included  in  the  XRD  patterns. 


ity  of  gold  and  silver  nanoparticles  may  be  accounted  for  by  the 
high  fraction  of  surface  atoms  and  their  low  coordination  numbers, 
which  may  be  manipulated  readily  by  the  nanoparticle  dimen¬ 
sions.  From  the  previous  investigations  of  the  ORR  with  Au  and 
Ag  nanoparticle  catalysts,  one  can  see  that  the  Au  and  Ag  mate¬ 
rials  on  nano-scale  have  remarkable  activity  in  comparison  with 
the  inert  catalytic  properties  of  the  bulk  ones.  However,  most  of 
these  earlier  studies  focused  on  the  nanoparticles.  The  electrocat- 
alytic  activities  of  one-dimensional  coin  metal  nanomaterials,  such 
as  nanorods,  nanowires,  nanotubes,  and  the  stabilizer  effects  on  the 
reaction  kinetic  of  oxygen  reduction  are  still  scarce. 

In  the  present  report,  Ag  nanorods  stabilized  by  PVP  were 
firstly  synthesized  with  polyol  process  and  then  the  PVP  was 
removed  by  ligand  exchange  with  hexanethiol.  The  surface  clean 
Ag  nanorods  were  finally  obtained  by  removal  of  the  hexanethiol 
with  plasma  cleaner.  The  catalytic  activity  of  the  PVP-protected  and 
the  surfactant-free  Ag  nanorods  towards  ORR  was  studied  in  detail. 
The  results  showed  that  the  Ag  nanowire  exhibits  efficient  catalytic 
activity  and  the  protecting  ligands  strongly  reduce  the  electrocat- 
alytic  activity.  The  present  study  shows  that  the  Ag  nanowire  may 
be  used  as  a  powerful  cathode  electrocatalyst  for  oxygen  reduction. 

2.  Experimental 

2.1.  Materials 

Silver  nitrate  (AgN03,  >99.8%,  Beijing  Chemical  Reagent), 
poly( vinyl  pyrrolidone)  (PVP,  Mw^  55,000,  Aldrich),  ethylene  gly¬ 
col  (EG,  A.R.  grade,  Beijing  Chemical  Reagent),  potassium  hydroxide 
(KOH,  ACROS),  sodium  chloride  (NaCl,  >99.5%,  Beijing  Chemi¬ 
cal  Reagent),  and  1 -hexanethiol  (C6SH,  95%,  Aldrich)  were  used 
as  received.  Water  was  supplied  by  a  Water  Purifier  system 
(18.3  MQ,  cm).  Ultrapure  N2  and  02  were  used  for  the  deaeration 
and  oxygen  reduction  reaction,  respectively. 


2.2.  Synthesis  of  silver  nanorods 

The  Ag  nanorods  were  synthesized  according  to  the  modified 
procedures  described  before  [26,27].  In  a  typical  reaction,  200  mM 
of  PVP  dissolved  in  10  ml  of  ethylene  glycol  was  refluxed  at  160°C 
for  1  h  under  vigorous  stirring.  5  mL  of  a  freshly  prepared  AgN03 
solution  (0.15  M  in  EG)  was  then  added  in  a  dropwise  fashion  into 
the  solution.  The  reaction  mixture  was  stirred  for  another  60  min 
at  160°C.  After  the  solution  was  cooled  to  room  temperature,  the 
final  dispersion  was  diluted  with  ethanol  in  a  ratio  of  1 : 1 0  and  then 
centrifuged  at  a  rate  of  2000  rpm  for  20  min.  The  nanorods  were 
collected  and  redispersed  in  ethanol.  This  process  was  repeated 
about  4  times.  The  PVP-stabilized  Ag  nanorods  were  finally  dis¬ 
persed  in  ethanol  for  the  further  experiments.  Such  Ag  nanorods 
were  denoted  as  Ag-PVP. 

Ligand  exchange  of  Ag-PVP  with  1 -hexanethiol  (CeSH)  was  car¬ 
ried  out  by  mixing  PVP-stabilized  Ag  nanorods  and  1 -hexanethiol 
with  the  molar  ratio  of  1 :3  in  ethanol  under  magnetic  stirring.  After 
about  1 2  h,  it  can  be  seen  that  a  layer  of  Ag  nanorods  was  dispersed 
on  the  ethanol  surface,  suggesting  the  hydrophobic  surface  prop¬ 
erties  of  the  nanorods  functionalized  with  CeSH  protecting  ligands. 
The  products  were  collected  and  washed  with  ethanol  to  remove 
excessive  C6SH  and  displaced  PVP.  The  purified  Ag  nanorods  were 
dispersed  in  dichloromethane  (DCM).  The  Ag  nanorods  functional¬ 
ized  with  C6SH  were  denoted  as  Ag-C6SH. 

2.3.  Electrochemistry 

Prior  to  the  deposition  of  the  Ag  nanorods  onto  an  electrode 
surface  for  electrocatalytic  assessment,  a  glassy  carbon  (GC)  elec¬ 
trode  (3.0  mm  diameter)  was  polished  with  alumina  slurries  (5, 
1  and  0.5  p,m)  and  cleansed  by  sonication  in  0.1  M  HN03,  H2S04 
and  nanopure  water  for  10  min  successively.  10  pX  of  the  Ag-CeSH 
nanorods  in  DCM  (1  mg  mL-1 )  was  then  dropcast  onto  the  clean  GC 
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electrode  surface  by  a  Hamilton  microliter  syringe  and  was  dried 
by  a  gentle  nitrogen  flow  for  ca.  2  min.  The  C6SH  ligands  were  then 
removed  by  Plasma  cleaner  (PDC-32G,  Harrick  Plasma,  US)  treat¬ 
ment  for  20  min.  The  electrode  was  then  rinsed  with  nanopure 
water  and  ethanol  to  remove  the  impurities.  The  resulting  clean 
electrode  was  denoted  as  Ag/GC. 

To  study  the  effect  of  PVP  on  the  electrocatalytic  activity  of  Ag 
nanorods,  1  mg  of  the  Ag-PVP  nanorods  was  dispersed  ultrason- 
ically  in  1  mL  pure  water  and  80  p,L  5  wt%  Nation  solution.  After 
the  ink  formed  homogeneously,  10  p,L  of  the  catalyst  ink  was  then 
dropped  on  the  GC  electrode  with  a  micropipette  and  then  dried  in 
air.  The  working  electrodes  were  denoted  as  Ag-PVP/GC. 

Voltammetric  measurements  were  carried  out  with  a  CHI  750D 
electrochemical  workstation.  The  Ag/GC  and  Ag-PVP/GC  electrodes 
prepared  above  were  used  as  the  working  electrodes.  An  Ag/AgCl  (in 
3  M  NaCl,  aq.)  and  a  Pt  coil  were  used  as  the  reference  and  counter 
electrodes,  respectively.  All  electrode  potentials  in  the  present 
study  were  referred  to  this  Ag/AgCl  reference.  Cyclic  voltammetry 
and  rotating  disk  voltammetry  were  carried  out  in  0.1  M  KOH  elec¬ 
trolyte  by  using  a  computer-controlled  CHI  750D  electrochemical 
workstation.  The  rotating  disk  voltammograms  on  all  electrodes 
were  measured  at  the  potential  scan  rate  of  20mVs-1.  Oxygen 
reductions  were  examined  by  first  bubbling  the  electrolyte  solution 
with  ultrahigh  purity  oxygen  for  at  least  1 5  min  and  then  blanketing 
the  solution  with  an  oxygen  atmosphere  during  the  entire  exper¬ 
imental  procedure.  All  electrochemical  experiments  were  carried 
out  at  room  temperature. 

2.4.  Material  characterizations 

UV-vis  spectroscopic  studies  were  performed  with  a  Cary  spec¬ 
trometer  using  a  1-cm  quartz  cuvette  with  a  resolution  of  2nm. 
Powder  X-ray  diffraction  (XRD)  was  performed  on  a  PW1700 
Powder  Diffractometer  using  Cu-Ka  radiation  with  a  Ni  filter 
(A  =  0.1 54059  nm  at  30  kV  and  1 5  mA).  The  morphology  and  crystal 
structure  of  the  Ag  nanorods  were  measured  with  Hitachi  H-600 
transmission  electron  microscopy  (TEM)  operated  at  lOOkV. 

3.  Results  and  discussion 

3A.  Structural  characterizations 

Fig.  1 A  displays  the  representative  TEM  micrograph  of  the  syn¬ 
thesized  silver  nanorods.  It  can  be  seen  that  the  resulting  Ag 
nanorods  are  very  uniform  in  both  shape  and  size.  The  aver¬ 
age  diameter  is  83±3nm  with  aspect  ratio  of  14.5 ±4.4.  Fig.  IB 
shows  the  UV-vis  absorption  spectrum  of  the  Ag  nanorods  in 
nanopure  water.  Two  absorption  bands  at  about  350  and  385  nm 
were  observed,  which  are  attributed  to  the  surface  plasmon  reso¬ 
nance  bands  of  the  longitudinal  and  transverse  modes  of  the  silver 
nanorods,  respectively.  Such  UV-vis  absorption  features  agree  well 
with  those  obtained  with  silver  nanowire  and  nanorods  in  the  pre¬ 
vious  reports  [28-30].  To  examine  the  crystalline  structure  of  the 
resulting  nanorods,  powder  X-ray  diffraction  measurements  were 
also  carried  out.  Fig.  1 C  shows  the  XRD  patterns  of  the  nanorods  and 
the  JCPDS  data  of  silver.  Two  strong  diffraction  peaks  are  ascribed 
to  the  (1 1 1 )  and  (2  0  0)  planes  of  metallic  silver,  which  are  in  excel¬ 
lent  agreement  with  the  face-centered  cubic  (fee)  structure  of  silver 
in  JCPDS  (NO.04-0783). 

3.2.  Cyclic  voltammetry 

The  electrocatalytic  activity  of  the  silver  nanorods  towards  oxy¬ 
gen  reduction  was  then  examined  by  cyclic  voltammetry  (CV).  The 
electrodes  prepared  from  PVP-protected  and  the  surfactant-free 
Ag  nanorods  were  denoted  as  Ag-PVP/GC  and  Ag/GC,  respectively. 


Fig.  2.  Cyclic  voltammograms  of  the  Ag-PVP/GC  (A)  and  Ag/GC  (B)  electrodes  in 
N2-saturated  0.1  M  KOH  solution.  Potential  scan  rate  0.1  V s-1. 


Fig.  2  shows  the  representative  CVs  of  Ag-PVP/GC  (Fig.  2A)  and 
Ag/GC  (Fig.  2B)  in  0.1  M  KOH  that  was  saturated  with  N2  at  a  poten¬ 
tial  sweep  rate  of  0.1  V  s-1.  From  the  CV  of  Ag-PVP/GC  within  the 
potential  range  of  -1.4  to  0.6  V  (vs  Ag/AgCl),  three  anodic  current 
peaks  were  clearly  observed  at  +0.15,  +0.21  and  +0.28  V,  respec¬ 
tively.  The  small  peak  (i)  could  be  attributed  to  the  formation  of 
a  few  monolayers  of  AgOH  and  Ag(I)  species.  The  peaks  (ii)  and 
(iii)  were  attributed  to  the  formation  of  inner  hydrous  oxide  layer 
and  more  compact  outer  oxide  layer,  respectively.  In  the  reverse 
potential  scan,  the  cathodic  current  peak  at  -0.086  V  (peak  (iv))  was 
ascribed  to  the  electroreduction  of  the  silver  oxides  formed  during 
the  anodic  potential  scan.  The  observed  CV  feature  is  very  simi¬ 
lar  to  that  from  polycrystalline  Ag  electrodes  reported  previously 
[31-33].  From  the  CV  of  the  Ag/GC  in  the  same  potential  window 
shown  in  Fig.  2B,  the  anodic  current  peaks  corresponding  to  the  for¬ 
mation  of  silver  oxides  at  +0.165  (i),  +0.193  (ii)  and  +0.274  V  (iii), 
and  the  reduction  peak  at  -0.023  V  (peak  (iv))  during  the  cathodic 
potential  scan  can  also  be  observed.  Compared  to  the  CV  of  Ag- 
PVP/GC  electrode,  one  more  cathodic  peak  at  -0.31  V  (peak  (v))  was 
observed  at  Ag/GC.  Such  voltammetric  behavior  was  also  observed 
at  silver  oxide  electrodes  [33].  In  the  present  study,  with  the  PVP 
removal,  silver  oxide  layers  maybe  more  easily  formed  at  the  sur¬ 
face  of  the  nanorods  in  comparison  with  the  very  stable  surface  of 
PVP-stabilized  Ag  nanorods.  Moreover,  the  potential  for  Ag  oxides 
reduction  on  Ag/GC  electrode  negatively  shifts  to  -0.023  V  from 
-0.086  V  obtained  on  Ag-PVP/GC  electrode.  The  different  CV  fea¬ 
tures  observed  at  Ag-PVP/GC  and  Ag/GC  electrodes  suggest  that 
the  plasma  clean  treatment  affects  the  electrochemical  behaviors 
of  the  Ag  nanorods. 

Fig.  3  shows  the  cyclic  voltammograms  (CVs)  of  the  Ag/GC  and 
Ag-PVP/GC  electrodes  in  an  aqueous  solution  of  0.1  M  KOH  which 
was  saturated  with  nitrogen  or  oxygen  at  a  potential  scan  rate  of 
0.1  Vs-1.  Note  that  the  voltammetric  currents  have  been  normal¬ 
ized  to  the  real  active  surface  areas  (i.e.,  electrochemically  active 
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Fig.  3.  Cyclic  voltammograms  of  the  PVP-stabilized  (Ag-PVP/GC)  and  PVP-free 
(Ag/GC)  silver  nanorods  electrodes  in  0.1  M  KOH  saturated  with  oxygen  and  of  the 
Ag/GC  electrode  in  N2-saturated  0.1  M  KOH  solution.  Potential  scan  rate  0.1  Vs-1. 


surface  areas)  of  the  respective  electrodes  which  are  calculated 
according  to  the  oxygen  adsorption  measurement  method  pro¬ 
posed  by  Trasatti  and  Petrii  [34].  Some  voltammetric  features  in 
Fig.  3  should  be  noted.  First,  from  the  CV  of  Ag/GC  electrode  in 
the  N2 -saturated  solution  (black  curve),  the  voltammetric  currents 
were  featureless  within  the  potential  range  of-1 .2  to  +0.1  V.  In  con¬ 
trast,  when  the  electrolyte  solution  was  saturated  with  02,  obvious 
reduction  currents  with  well-defined  cathodic  peaks  around  -0.4  V 
can  be  seen  clearly  on  the  both  Ag/GC  and  Ag-PVP/GC  electrodes, 
indicating  the  high  electrocatalytic  activity  of  the  synthesized  sil¬ 
ver  nanorods  towards  oxygen  reduction.  It  should  be  noted  that 
the  potential  window  different  from  Fig.  2  was  used  in  Fig.  3.  From 
Fig.  2,  it  can  be  seen  that  the  formation  of  silver  oxides  occurs  mainly 
at  potentials  more  positive  than  +0.1  V.  In  order  to  avoid  the  inter¬ 
ference  of  silver  oxide  reduction  on  oxygen  molecules  reduction, 
narrow  potential  window  (-1.2  to  +0.1  V)  was  applied  in  the  stud¬ 
ies  of  oxygen  reduction  reaction  (Fig.  3).  From  the  black  curve  in 
Fig.  3,  no  obvious  reduction  current  was  observed  from  the  reduc¬ 
tion  of  silver  oxides.  Since  there  is  no  reduction  current  from  silver 
oxides  (black  curve),  we  anticipate  that  the  reduction  current  peaks 
shown  in  Fig.  3  come  directly  from  the  oxygen  reduction.  Second, 
the  current  density  and  onset  potentials,  the  most  two  important 
parameters  to  evaluate  the  activity  of  electrocatalysts,  are  much 
different  for  Ag/GC  and  Ag-PVP/GC  electrodes.  Take  the  case  of 
cathodic  peak  of  oxygen  reduction,  for  PVP-passivated  Ag  nanorods 
(green  curve),  the  peak  current  density  and  the  peak  potential  were 
found  to  be  approximately  -0.95  mAcm-2  and  0.52  V,  respectively. 
However,  for  the  surface-cleaned  Ag  nanorods  (red  curve),  the  peak 
current  density  increased  to  -1.25  mAcm-2,  and  the  peak  poten¬ 
tial  shifted  positively  to  -0.44  V.  Larger  current  density  and  more 
positive  onset  potential  were  obtained  with  Ag/GC  in  comparison 
with  Ag-PVP/GC  electrode.  Moreover,  from  the  CV  of  Ag-PVP/GC, 
two  oxygen  reduction  peaks  can  be  observed  at  around  -0.52  and 
-0.91  V,  but  only  one  current  peak  appeared  for  Ag/GC  electrode 
at  -0.44  V.  Such  voltammetric  features  suggest  strongly  that  effi¬ 
cient  four-electron  reaction  occurred  for  oxygen  reduction  on  Ag 
nanorods  with  naked  surface,  but  less  efficient  pathway  involves 
two  steps  occurred  on  PVP-protected  Ag  nanorods.  All  the  voltam¬ 
metric  studies  showed  clearly  that  the  Ag  nanorods  with  naked 
surface  exhibit  much  better  electrocatalytic  activity  for  ORR  than 
those  capped  with  stabilizer  (PVP).  By  comparing  the  current  den¬ 
sity  and  onset  potential  of  oxygen  reduction,  the  electrocatalytic 
activity  of  the  present  silver  nanorods  was  found  to  be  comparable 
to  that  of  supported  gold  nanocluster  electrocatalysts  [8]. 


Fig.  4.  Rotating-disk  voltammograms  recorded  on  Ag-PVP/GC  (A)  and  Ag/GC  (B) 
in  0.1  M  KOH  saturated  with  oxygen  at  different  rotation  rates  (shown  as  figure 
legends).  DC  ramp  20  mV  s-1 . 

3.3.  Rotating  disk  voltammetry 

To  further  examine  the  electrocatalytic  activity,  the  reaction 
kinetic  of  oxygen  reduction  at  the  PVP-passivated  and  naked  Ag 
nanorods  were  also  studied  with  rotating  disk  voltammetry.  Fig.  4 
shows  a  series  of  rotating  disk  voltammograms  (RDVs)  of  ORR 
recorded  at  Ag-PVP/GC  (Fig.  4A)  and  Ag/GC  (Fig.  4B)  in  an  oxygen- 
saturated  0.1  M  KOH  solution  at  different  rotation  rates  (from  225  to 
3600  rpm).  For  the  ORR  on  Ag-PVP/GC  shown  in  Fig.  4A,  two  stages 
of  limiting  current  can  be  observed  at  around  -0.6  and  -1.0  V, 
respectively,  suggesting  electrocatalytic  reduction  of  oxygen  pro¬ 
ceeds  via  two-step  processes: 

02(ad)  +  H20  +  2e-  ->  H02-+OH-  (la) 

H02-  +  H20  +  2e_  -*  30H-  (lb) 

From  the  RDV  at  3600  rpm,  it  can  be  seen  that  the  current  den¬ 
sity  at  stage  2  is  nearly  twice  that  of  the  first  stage,  suggesting  that  if 
the  first  stage  is  a  two-electron  process,  the  reaction  occurred  at  the 
second  stage  should  be  an  overall  four-electron  process.  However, 
from  the  RDVs  of  oxygen  reduction  recorded  at  Ag/GC  electrode 
(Fig.  4B),  one  can  see  that  there  is  only  one  stage  with  much  bet¬ 
ter  defined  current  density  plateaus  than  those  obtained  at  Ag-PVP 
nanorods  (Fig.  4A)  and  other  non-platinum  nano-electrocatalysts. 
In  addition,  the  limiting  current  density  at  each  rotation  rate  is 
larger  than  that  of  the  second  plateau  obtained  from  Ag-PVP/GC. 
Such  RDV  features  indicate  that  the  ORR  on  stabilizer-free  Ag 
nanorods  proceeds  via  the  most  efficient  four-electron  process: 

02(ad)  +  2H20  +  4e-^  40H  (2) 

The  voltammetric  results  from  rotating  disk  electrodes  (RDEs) 
strongly  indicated  that  the  stabilizers  (PVP)  on  the  Ag  nanorods  sur¬ 
face  evidently  reduce  the  electrocatalytic  activity  towards  oxygen 
reduction. 
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Fig.  5.  Koutecky-Levich  plots  (J-1  vs  for  Ag-PVP/GC  (A)  and  Ag/GC  (B)  at  dif¬ 
ferent  potentials  (shown  as  figure  legends).  Symbols  are  experimental  data  obtained 
from  the  corresponding  rotating-disk  voltammograms  shown  in  Fig.  4.  Lines  are  the 
linear  regressions. 

Fig.  5A  depicts  the  Koutecky-Levich  plots  C T1  vs  oo~^2)  of  Ag- 
PVP/GC  electrode  at  potentials  of -0.55  and  - 1 .09  V,  corresponding 
to  the  first  and  second  stages,  respectively  (shown  in  Fig.  4A). 
The  kinetic  parameters  can  be  analyzed  with  the  Koutecky-Levich 


equations  [Eqs.  (3)— (5)]: 

1111  1 

(3) 

J  ~Jk  +Jl  ~Jk+  BcoV 2 

B  =  0.62  nFC0D20/3v~^6 

(4) 

Jk  =  nFkCo 

(5) 

where  J  is  the  measured  current  density,  JK  and  JL  are  the  kinetic 
and  diffusion  limiting  current  density,  respectively,  co  is  the  elec¬ 
trode  rotation  rate,  n  is  the  overall  number  of  electron  transferred, 
F  is  the  Faraday  constant,  C0  is  the  bulk  concentration  of  02  dis¬ 
solved  in  the  electrolyte,  D0  is  the  diffusion  coefficient  for  02,  v 
is  the  kinematic  viscosity  of  the  electrolyte,  and  k  is  the  electron 
transfer  rate  constant.  According  to  Eqs.  (3)  and  (4),  the  number 
of  electrons  transferred  and  JK  can  be  obtained  from  the  slope  and 
intercept  of  the  Koutecky-Levich  plots,  respectively.  The  numbers 
of  electrons  transferred  were  calculated  to  be  2.6  and  3.8  (^4)  for 
ORR  on  Ag-PVP/GC  electrode  at  the  first  and  second  stages,  respec¬ 
tively,  by  using  the  literature  values  for  C0  =  1.2  x  10-3  molL-1 
[35],  D0  =  1.9  x  10-5  cm2  s-1  [35]  and  v  =  0.01  cm2  s-1  [36]  in  0.1  M 
KOFI.  The  kinetic  limiting  current  density  (Jk)  was  estimated  to 
be  -4.17  and  -11.76  mA  cm-2  at  -0.55  V  and  -1.09  V,  respec¬ 
tively.  The  kinetic  results  showed  that  oxygen  electro-oxidation  on 
PVP-protected  Ag  nanorods  involve  two  successive  two-electron 
processes,  which  agrees  well  with  the  CV  and  RDE  results.  Fig.  5B 
shows  the  corresponding  Koutecky-Levich  plots  of  ORR  obtained 
on  Ag/GC  electrode  at  various  potentials.  It  can  be  seen  that  the 
slopes  remain  approximately  constant  over  the  potentials  range 


from  -0.46  to  -0.78  V,  indicating  consistent  numbers  of  electron 
transfer  for  ORR  at  different  electrode  potentials.  From  the  slopes 
of  the  Koutecky-Levich  plots,  the  numbers  of  electrons  transferred 
were  determined  to  be  3.9  (^4)  for  ORR  on  Ag/GC.  The  kinetic  lim¬ 
iting  current  density  was  calculated  to  be  -13  mAcnrr2  at  -0.54  V, 
which  is  much  larger  than  those  obtained  on  Ag-PVP/GC  electrode 
at  both  -0.55  V  and  -1.09  V.  By  comparing  the  CV  and  RDE  results 
on  Ag-PVP/GC  and  Ag/GC  electrodes,  it  is  obvious  that  the  oxy¬ 
gen  electro-reduction  proceeds  by  the  incomplete  pathway  on  the 
Ag  nanorods  passivated  with  PVP,  where  the  two-electron  reac¬ 
tion  route  was  favoured,  whereas  efficient  four-electron  reaction 
pathway  occurred  after  PVP  was  removed  from  the  surface  of  Ag 
nanorods.  The  significant  difference  indicates  that  the  catalytic 
activity  of  Ag  nanorods  is  greatly  reduced  by  the  PVP  which  inter¬ 
acts  strongly  with  the  Ag  surface  and  to  blocks  the  most  of  the  active 
sites.  After  PVP  removed,  the  active  sites  on  Ag  nanorod  surface  are 
released  for  02  adsorption,  leading  to  the  enhanced  electrocatalytic 
activity  for  ORR. 

4.  Conclusions 

In  the  present  study,  we  synthesized  uniform  and  ultralong  sil¬ 
ver  nanorods  with  a  wet  chemical  method  by  using  PVP  as  the 
surface  stabilizer.  The  effect  of  PVP  on  the  electrocatalytic  activ¬ 
ity  of  Ag  nanorods  towards  oxygen-reduction  was  examined  with 
electrochemical  cyclic  and  rotating  disk  voltammetric  measure¬ 
ments.  The  results  showed  that  the  PVP  on  the  Ag  nanorod  surface 
reduces  heavily  the  electrocatlytic  activity.  The  catalytic  activity 
of  the  Ag  nanorods  is  enhanced  remarkably  by  removing  the  PVP 
with  much  higher  oxygen  reduction  current  density  and  the  most 
efficient  four-electron  process  in  comparison  with  the  low  current 
density  and  incomplete  two-electron  reaction  process.  Due  to  the 
high  electrocatalytic  activity  towards  ORR,  protecting  ligand-free 
Ag  nanorods  may  be  a  promising  cathode  electrocatalyst  for  fuel 
cells. 
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